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In eukaryotes, mRNA degradation begins with
poly(A) tail removal, followed by decapping, and the
mRNA body is degraded by exonucleases. In recent
years, the major influence of 30-end uridylation as a
regulatory stepwithin several RNAdegradation path-
ways has generated significant attention toward the
responsible enzymes, which are called poly(U) poly-
merases (PUPs).We determined the atomic structure
of the Cid1 protein, the founding member of the PUP
family, in its UTP-bound form, allowing unambiguous
positioning of the UTP molecule. Our data also
suggest that the RNA substrate accommodation
and product translocation by the Cid1 protein rely
on local and global movements of the enzyme.
Supplemented by point mutations, the atomic model
is used to propose a catalytic cycle. Our study under-
lines the Cid1 RNA binding properties, a feature with
critical implications for miRNAs, histone mRNAs,
and, more generally, cellular RNA degradation.
INTRODUCTION
In bacteria, the addition of the poly(A) tail at the 30-end of mRNA
molecules is a destabilizing factor for the mRNAs (for a recent
review, seeRe´gnier andHajnsdorf, 2009). In eukaryotes, a similar
effect onmRNA stability has been attributed to 30-end uridylation
(Song and Kiledjian, 2007; Mullen andMarzluff, 2008). This addi-
tion of uridyl nucleotides to RNA substrates has been involved in
several distinct RNA metabolic pathways (Shen and Goodman,
2004; Norbury, 2010). Recently, the general mRNA degradation
pathway in the Schizosaccharomyces pombe was shown to be
modulated by the protein Cid1 (Rissland and Norbury, 2009).
The polyuridylation of polyadenylated mRNAs is crucial for
triggering the UTP-dependent degradation pathway in Trypano-
soma bruceimitochondria, and this modification is performed by
RNA editing terminal uridylyl transferase 1 (RET-1; Ryan and
Read, 2005). The uridylation of U6 snRNA 30-end by U6
snRNA-specific terminal uridylyl transferase (TUTase) occurs in
molecules lacking the cyclic 2030-phosphate group. This post-
transcriptional modification is required for the maintenance of
the 30-end of the U6 snRNA (Hirai et al., 1988; Chen et al.,
2000). Another example is the regulation of mammalian let-7
miRNA production, which is, at least partially, mediated by theStructure 20Zcchc11-dependent uridylation of the let-7 precursor (Heo
et al., 2009). Finally, several reports have recently shown that
30-end uridylation happens on other types of poly(A)-minus
RNAs, such as histone mRNAs, subsequently targeting these
particular RNAs for degradation (Mullen and Marzluff, 2008;
Schmidt et al., 2011).
In the past decade, an entire family of polymerase proteins,
called terminal uridylyl transferase (TUT) or poly(U) polymerase
(PUP), has been identified in the metazoa (Martin and Keller,
2007). Several of its members have been shown to uridylate
mRNA substrates in vivo (Kwak and Wickens, 2007; Martin
and Keller, 2007). One of the first characterized enzymes with
the above-mentioned destabilizing activity is the protein Cid1
(caffeine-induced death suppressor), a cytoplasmic PUP
(Wang et al., 2000). Its action was first identified in the S-Mphase
transition control. Deeper analysis revealed that the Cid1 protein
was not adding a poly(A) tail but rather a poly(U) stretch in vivo
(Rissland et al., 2007). Moreover, the half-life of mRNAs with
uridine residues added to the poly(A) tail, such as act1, was
longer in cid1 mutants compared to the wild-type, indicating
that the Cid1-dependent uridylation was likely to promote
mRNA degradation (Rissland et al., 2007; Rissland and Norbury,
2009). The Cid1 uridylation of polyadenylated mRNAs like act1,
adh1, and urg1 promotes decapping, interceded by the
Lsm1-7 complex, which leads to their decay (Rissland and
Norbury, 2009). In vitro, these enzymes can add both poly(A)
or poly(U) stretches. However, in vivo, they exert their function
in a uridine-specific fashion (Rissland et al., 2007). Members
of this family, Cid1 being the most fully characterized, exhibit
highly processive activity, leading to the addition of long
U-stretches (Rissland et al., 2007). However, the length of the
uridine tail observed in vivo is far shorter (between 1 to 10 nucle-
otides). The reason for these observed differences is presently
unclear. One possible mechanism would consist of a balance
between the PUP activity and an exonuclease trimming mecha-
nism allowing the control of the poly(U) length as observed
with the U6 snRNA (Chen et al., 2000) or for the poly(A) tail
(Kim and Richter, 2006).
Here we report the crystal structure of Schizosaccharomyces
pombe Cid1 protein in complex with UTP. The structure reveals
the selective pocket for the pyrimidine nucleotide and highlights
the specific interaction between the uracil base and multiple
amino acids of the protein. Multiple residues of the nucleotide
recognition motif (NRM) and from various parts of the protein
are shown to stabilize the UTP. Mutations of the corresponding
residues lead to functional consequences as reflected by
variable polymerase activity in vitro. In addition, superpositions
of our UTP bound structure and several related Pol b family, 977–986, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 977
Table 1. Data Collection
Crystal KAuCl4-Soaked UTP-Soaked
Wavelength (A˚) 1.0396 0.9811
Temperature (K) 100 100
Maximum resolution (A˚) 43.8–2.6
(2.67–2.6)
45.2–2.28
(2.3–2.28)
Space group P212121 P21
Unit cell dimensions (A˚) 52.8, 75.7, 78.4 53.5, 76.9,
81.9, b = 91.17
No. of observations 190,902 83,724
No. of unique reflections 18,538 29,999
Redundancy 10.3 2.8
Data completeness (%) 99.2 (91.9) 98.74 (59.3)
I/s(I) 28.13 (1.91) 11.5 (2.64)
Rmeas 6.7 (90.4) 8.8 (49.5)
Refinement
No. of atoms 5,454
Protein 5,146
Ligand (UTP) 56
Magnesium 7
Water 245
Rwork (%) 0.188
Rfree (%) 0.247
RMSD from ideal geometry
Bond lengths (A˚) 0.011
Bond angles () 1.112
Mean B (A˚2)
Protein chain 30.9
Nucleotide/magnesium chains 26.1
Waters 31.7
Residues in favored region of the
Ramachandran plot (%)
603 (97.3)
Residues in allowed region of the
Ramachandran plot (%)
17 (2.7)
Values in bracket are for the highest resolution shell.
Structure
The Atomic Model of Cid1members suggest a swivel motion between the catalytic and the
central domains, as well as various conformational changes in
conserved loops. These multiple observations are corroborated
by polymerase assays showing differential effects depending on
the mutations. These elements point out the requirement for
a structural change during the fitting/translocation mechanism
of the RNA molecule by the PUP enzymes. This study shows
themolecular basis for the specific recognition of UTP substrate,
and reveals several local differences between the Pol b family
members. We think that it reflects their distinctive substrate
recognition properties and/or activities.
RESULTS
Structure Determination Process
We have determined the atomic structure of the Cid1 protein in
complex with UTP at 2.3 A˚ resolution. The Cid1 protein is
predicted to contain two unstructured termini surrounding a978 Structure 20, 977–986, June 6, 2012 ª2012 Elsevier Ltd All rightsnucleotidyl transferase (NT) domain. Both termini were truncated
based on these predictions and the resulting fragment (residues
40–377) was overexpressed, purified and crystallized. The
structure was solved using the single anomalous dispersion
technique with a gold compound KAuCl4. We collected a
complete dataset at the peak wavelength 1.040 A˚. The crystal
diffracted to 2.6 A˚ resolution and belonged to space group
P212121. The asymmetric unit contained one molecule (see
statistics in Table 1). The phased electron density map was of
sufficient quality to build an initial model containing about half
the amino acid sequence of the protein. Our phased electron
density also showed a large area with very poor density, indi-
cating a disordered region possibly linked to the extended soak-
ing time (7 days at 1 mM). However, this partial model was used
subsequently to solve by molecular replacement a dataset
collected from a native Cid1 crystal, soaked overnight with
2.5 mM of UTP. This crystal did not show any signs of pseudo-
merohedral twinning, differently than observed for the crystals
of the protein alone (P.M.-T. and S.T., data not shown) and
diffracted to 2.28 A˚ resolution with the statistics reported in
Table 1. The native crystal belonged to the monoclinic space
group P21 and contained two molecules in the asymmetric
unit. A large unidentified density was visible in both the 2Fo-Fc
and the Fo-Fc electron density maps. We built a uridine triphos-
phate (UTP) together with a triphosphate-boundmagnesium ion.
The final models contain the Cid1 sequence (residues 40–377 in
molecule A and 41–377 in molecule B) as well as two UTP mole-
cules and seven magnesium ions. Loops consisting of residues
108–116 and 308–323 were not defined clearly in the electron
density. It is assumed that these regions are disordered and
they were excluded from the final model structure. The crystallo-
graphic data for these two datasets (gold-bound and UTP-soak)
are reported in Table 1.
Structure of the Cid1 Protein
The Cid1 protein was first characterized as a factor involved in
the S-M phase transition process (Wang et al., 1999) and later
was classified as a NT from the polymerase b superfamily based
on sequence conservation (Figure 1A; Wang et al., 2000). The
overall protein fold is related to the polymerase b fold with two
characteristic domains, catalytic (CAT) and central (CD)
domains, separated by a trench where the UTP is bound
(Figure 1B).
The CAT domain contains the typical features of the DNA poly-
merase b enzyme, i.e., a five-stranded b sheet with two a helices
on one side and the catalytic aspartic acid triad facing the CD
domain (residues 101, 103, and 160; Figure 1B). The CD domain
is composed of six a helices connected by multiple loops of
various lengths (Figure 1B). The CD domain contains the NRM
as shown in Figure 1B (see below). The CAT domain and the
CD domain are linked by two loops (res. 56–58 and res.
163–165; Figure 1B).
Since the Cid1 protein has been classified in the group of non-
canonical template-independent NT by Martin and colleagues
(Martin and Keller, 2007), we used a 17-mer long RNA finishing
with a Cytidine to test the polymerizing activity of our engineered
protein. Our construct displays similar activity level compared to
the full-length enzyme (Figure 1C). We also introduced two point
mutations at positions 101 and 103, demonstrating that thereserved
Figure 1. The Cid1 Protein Belongs to the Polymerase b Family
(A) Sequence alignment of multiple members of the Pol b family. Uniprot accession numbers are as follows: hsZCCHC11-Q5TAX3, hsZCCHC6-Q5VYS8,
spCID1-O13833, tbTUT4-A4UBD5, tbRET2-Q86MV5, tbMEAT1-Q4GZ86, hsPAPD1-Q9WVV4, hsGLD2-Q6PIY7, scTRF4-P53632, and scPAP1-P29468.
Secondary structure in the Cid1 protein is indicated above the alignment (rectangle, a helix; arrow, b strand). The three catalytic aspartic acid are indicated with
a star and, three functionally important regions are underlined (green, regions 1 and 2; yellow, NRM, see text for details).
(B) Overall view of the Cid1 structure with the labeled secondary structure elements. The catalytic (CAT) and central (CD) domains are colored respectively in
orange and green. The NRM loop is colored in magenta. The catalytic residues are colored in cyan and the bound-uridine triphosphate in yellow. Atoms are
colored according to type (red for oxygen, orange for phosphate and cyan or yellow for carbon). Four magnesium ions are represented with gray spheres. Two
arrows indicate the start and end locations of the CAT domain.
(C) In vitro poly(U) polymerase assays. Experiments were performed with 50 and 150 ng of poly(U) polymerase, of Cid1 or Cid1-AMA protein as indicated, and
a radiolabeled 17-mer long RNA substrate. Each reaction mix was incubated for 10 min at 30C. Ct, no protein. The size of reaction products is indicated on the
left of the image. All the structural panels here and in the following figures were generated with PyMol (DeLano, 2002).
Structure
The Atomic Model of Cid1poly(U) addition is due to our protein and not to a co-purifying
contaminant.
The Cid1/UTP/Mg2+ Complex Structure
The Cid1/UTP complex structure was obtained from an over-
night soaked crystal. The UTP is buried at the bottom of the cleft
found between the CAT and the CD domains (Figure 2A; Fig-
ure S1 available online). Multiple interactions are observed
between the nucleotide triphosphate and the protein and relyStructure 20on residues conserved in the PUP/TUT group of proteins
(Figures 1A and 2B). Eight direct hydrogen bonds are found
between the protein and the UTP molecule.
The nucleobase and the sugar ring are recognized by every
edge capable of engaging in a hydrogen bond (Figure 2C).
Noticeably, the Cid1 protein is capable of sensing the presence
of the two carbonyl oxygen atoms of the uridine base via the
Asn171 and the His336 residues (Figure 2C). Until the present
work, the contacts describing the pyrimidine recognition mode, 977–986, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 979
Figure 2. The Cid1/UTP/Mg2+ Complex Association
(A) Surface representation of the Cid1 structure with the domains colored as in Figure 1. The UTP is shown as a stick representation.
(B) Detailed view of the UTP-Cid1 hydrogen bonds.
(C) Close-up view of the uridine base and sugar ring interactions. For both panels, side chains of interacting amino acid are shown using ball-and-stick repre-
sentation. Atoms are colored as before (slate andmagenta for carbon). Hydrogen bonds within 2.4–3.6 A˚ distance are shown as black dash lines. Themagnesium
ion is shown as a gray sphere, and its hydrogen bonds are shown as magenta dash lines.
(D) Poly(U) polymerase assays. The Cid1 WT or the indicated mutants were incubated with radioactively labeled 17-mer oligonucleotides. The lane labeled Ct
shows the RNA primer after incubation without enzyme. The mutant enzymes show limited activity as compared with Cid1 WT.
See also Figure S1.
Structure
The Atomic Model of Cid1by the TUT enzymes were focused on water-mediated interac-
tions (Deng et al., 2005; Stagno et al., 2007b, 2010). Although
these interactions allow the TUT proteins to select UTP, the
mechanistic basis of uridine selectivity by the Cid1 protein has
been left unclear. In particular, the capacity of the Cid1 protein
to use both UTP and ATP for polymerization is unexplained.
We show thatmutations of theHis336 into its equivalent residues
in TUT or PAP proteins (H336L or H336N respectively and
H336A) decrease the overall activity of the protein compared
to the wild-type enzyme (WT; Figure 2D). The results of experi-
ments performed in the presence of both UTP and ATP suggest
that mutant proteins still incorporate UMP preferentially over
AMP (P.M.-T. and S.T., data not shown; Rissland et al., 2007).
We therefore conclude that the Histidine 336 certainly partici-
pates in the selection process since we observe reduced
polymerizing activity when mutated. But this residue is not suffi-
cient to fully explain the atypical property of the Cid1 protein.
In addition to the nucleobase edges, the 30-oxygen of the
sugar ring is stabilized via H-bonds with the Thr172 and the
Asn171 residues of Cid1. However, the protein does not recog-980 Structure 20, 977–986, June 6, 2012 ª2012 Elsevier Ltd All rightsnize the 20 position of the ring, differently than observed in the
TUT structures, in which the equivalent residue (serine) contacts
both the 30 and the 20-oxygens (Deng et al., 2005; Stagno et al.,
2007b, 2010). The triphosphate moiety is stabilized by hydrogen
bonds with Lys193 and Lys197, both highly conserved in the Pol
b family (Figure 1A), as well as with Ser90, Ser211 and Tyr212. A
single magnesium ion is coordinated on one side by the catalytic
amino acid Asp103 and, on the other side, by the phosphate-
bound oxygen atoms, a situation encountered in the TUT4/
UTP co-crystal structure. Another magnesium ion is found
above the uridine base in a position that is likely to become
occupied by the incoming RNA substrate. This ion is stabilized
via p interaction forming an organomagnesium compound
(Dougherty, 1996).
The Nucleotide Recognition Motif
Poly(A) and poly(U) polymerase enzymes have been shown to
contain a highly conserved motif in the CD domain. This
sequence, called the NRM, has been used to derive the nucleo-
tide-binding specificity of a given polymerase (Martin and Keller,reserved
Structure
The Atomic Model of Cid12007). The NRM sequences are divided into two groups: (1)
group 1 for the canonical NT, which contains PAP enzymes,
and (2) group 2 for the non-canonical NT to which the TUT
enzymes and the Cid1 protein belong (Figure 1A). In the
co-crystal structures of RET2, MEAT1 and TUT4 trypanosomal
proteins, no direct contacts were observed between the amino
acids of the NRM motif and the nucleotide base. Furthermore,
the function of individual residues in the NRM loop is still unclear.
In particular, the question of how the NRM sequence distin-
guishes between the PAP and the PUP/TUT groups is
unanswered. The superposition of the NRM loops (from our
structure and from other TUT or PAP structures) indicates an
excellent match within the PUP/TUT group and highlights
a couple of clear differences with the PAP group (Figure 3A).
A specific hydrogen bond between the NE2 position of the
Histidine residue 336 in the NRM sequence and the O4 carbonyl
oxygen of the uracil base is found in our Cid1/UTP structure
(Figures 2C and 3B). This additional bond ensures that the two
oxygen atoms from the nucleobase are selected by specific
interaction with the side chains of residues 171 and 336 (Fig-
ure 2C). It is striking to note that the Cid1 protein and the two
human poly(U) polymerases Zcchc11 and Zcchc6, which have
demonstrated poly(U) polymerase activity in vivo, also have
a Histidine residue at the equivalent position (Figures 1A and
3A; Rissland et al., 2007; Heo et al., 2009). It would be interesting
to see whether the two human proteins also have the capacity to
use ATP as substrate in vitro and are able to select UTP over ATP
as the Cid1 protein.
The next residue of particular interest in the NRM sequence
and which has a differential location in the two groups corre-
sponds to the Phenylalanine 332 (Figures 3A and 3B). In the
yeast poly(A) polymerase, this residue is anAlanine, while a larger
hydrophobic residue (Phe or Leu) is found in the PUP/TUT
protein sequences (Figures 1A and 3A). In our structure, the
Phe332 is buried into a hydrophobic pocket, directly facing the
NRM loop (Figures 3B and 3C). This pocket is formed by residues
from an extended loop of the CD domain and from residues of
the helix 4 (Figure 3C). The residues forming this pocket are
reasonably conserved in the TUT and the PAP proteins (Fig-
ure 1A). Furthermore, the Cid1 helix 4 is equivalent to the helix
F of the yeast PAP protein, which is implicated in the pivotal
movement of the CAT domain upon substrate RNA association
(Balbo et al., 2007). A similar observation was made with the
TUT4 protein structure upon binding of UTP (Stagno et al.,
2007b). The template-independent properties of the Cid1 protein
imply that it relies on a ‘‘conformational breathing’’ mechanism to
accommodate and to translocate its substrate upon the addition
of UMP (Suezaki and Go, 1975). We believe that the Phe332
residue is implicated in this mechanism by properly positioning
the NRM loop once an NTP molecule is bound by the Cid1
protein. To demonstrate the importance of the Phe332 within
the catalytic cycle of the Cid1 protein, we mutated the residue
to modify its properties from a large hydrophobic residue to an
acidic residue. When the Phe332 is mutated to a Leucine, the
enzyme still displays PUP activity (Figure 3D). A clear decrease
of activity is observedwhen the Phe332 is replaced by an Alanine
and the activity is abolished in the Aspartate mutant (Figure 3D).
Therefore, the decrease of activity seems to correlate with
the destabilization of the contact between the NRM loop andStructure 20helix 4. We propose, based on our structure and on the activity
tests performed with the mutant enzymes, the following enzy-
matic cycle (Figure 3E). Upon triphosphate binding, the CAT
domain closes onto the CD domain inducing a rotation of helix
4 (Figure 3E). This helix would then act like a ‘‘ratchet’’ helix lock-
ing the Phe332 residue in the hydrophobic pocket (Figure 3D).
The stabilization of Phe332 orients the NRM loop and ensures
that Asp330, Glu333 and residue 336 (Leucine in the case of
TUT4, RET2 and MEAT1 or Histidine in the case of Cid1,
Zcchc11 and Zcchc6) is held in proximity to the edges of the
nucleobase to be added (Figure 3B). The stabilization of the
correct nucleotide base would provide the necessary time for
hydrolysis to occur, leading to the addition of a UMP molecule
to the RNA primer.
Identification of the Cid1 Surface Involved in RNA
Binding
In the last decade, several structures of trypanosomal TUTase
have been solved (Deng et al., 2005; Stagno et al., 2007b,
2010). Our model allows us to visualize similarities and differ-
ences existing between the poly(U) polymerase involved in
cellular RNA regulation (Trippe et al., 1998; Perumal and Reddy,
2002; Shen and Goodman, 2004) and the TUT enzymes
associated with RNA processing mechanisms in mitochondria
(Aphasizhev and Aphasizheva, 2011). Despite the very limited
sequence homology existing between the Cid1 protein and the
trypanosomal enzymes TUT4, RET 2, and MEAT1 (Figure 1A),
their folds are highly related (Figure 4A). Structural superposi-
tions point out multiple loops in the CAT and the CD domains
that may have different orientations. Based on their electrostatic
properties, these loops are likely to participate in the selection/
stabilization of the RNA primer (Figure 4B).
The loop between b strand 4 and 5 (Region 1 in Figure 1A) is
located above the UTP molecule in our structure (Figure 4C).
This protein fragment is highly conserved in all the NT sequences
(Figure 1A) and is also positively charged (Figure 4B). In the
TUT4/UpU structure, the corresponding amino acids (residues
118–124 in the TUT4 sequence) are in proximity to the second
uridine moiety and interact through hydrogen bonds (Stagno
et al., 2007a). The Arg121 of TUT4, equivalent to Arg139 in the
Cid1 protein, has a proven role in the catalytic activity of the
TUT4 protein, which is likely to be linked to its role in substrate
selection/stabilization (Stagno et al., 2007a, 2007b). Further-
more, upon UTP association, the corresponding residues in the
MEAT1 protein structure move up to 7 A˚ toward the CD domain
(Figures 4B and 4C; Stagno et al., 2010). The b sheet 4, which
immediately follows this loop, contains the conserved Lysine
in position 144 as well as several hydrophobic residues (Fig-
ure 1A). Mutation of Arg126 in the TUT4 protein (equivalent to
Lys144 in Cid1) abolished TUT activity (Stagno et al., 2007b).
In fact, the substitution of Arg126 to Alanine disrupted the salt
bridge between Arg126 and Asp136 leading to inactivation of
the TUT4 protein. The strong sequence conservation and
the above-mentioned observations clearly indicate that this
protein region will play a major role in regulating the activity
of the Cid1 protein. We mutated the two most conserved resi-
dues, Arg139 and Lys144, to assess their importance in Cid1
activity. The Arg139 mutation strongly reduces the polymeriza-
tion indicating that, as observed in the TUTase group, this, 977–986, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 981
Figure 3. The NRM
(A) Superposition of the NRM loop structures from the Cid1 protein (shown in green), the yeast PAP (Protein Data Bank [PDB] code: 2Q66; in cyan), the try-
panosomal TUT4 (PDB code: 2IKF; in orange) and the RET2 (PDB code: 2B51; in violet) enzymes. Important side chains are shown with ball-and-stick repre-
sentation, with the corresponding protein color and label (labels in bracket correspond to PAP, TUT4 or RET2 sequence).
(B) Global view of the Cid1 structure along the axis of helix 4, showing its critical location between the CAT, the CD and the NRM loop. The Cid1 protein is colored
as in panel 1B with the helix 4 shown in yellow. The catalytic Aspartates, Phe332 and His336 residues are shown in ball-and-stick representation (carbon colored
in orange and magenta, respectively).
(C) Residue Phe332 is buried in a large hydrophobic cavity, lined by residues represented in ball-and-stick, labeled and colored in cyan. The pocket is adjacent to
helix 4, which is proposed to communicate the association of the triphosphate group.
(D) Poly(U) polymerase assays. The Cid1 WT or the indicated mutants were incubated with radioactively labeled 17-mer oligonucleotides. The lane labeled Ct
shows the RNA primer after incubation without enzyme. The three mutants (F332L, F332A, and F332D) have different levels of activity reflecting the importance
Structure
The Atomic Model of Cid1
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Figure 4. Putative RNA Binding Sites
(A) Structural similarities between the structures of Cid1 and the TUT enzymes from trypanosome (MEAT PDB code: 3HJ4; RET2 and TUT4). Overall, these
models show good resemblance with excellent conservation of secondary structure elements. They are shown as cartoon, and colored as in panel 3A (green
for Cid1, slate for MEAT, violet for RET2 and orange for TUT4). The RET2 protein contains an additional domain (shown in gray), which is not conserved in the
Pol b family.
(B) Electrostatic representation of the Cid1 protein. The protein is oriented almost similarly to the panel A. The Cid protein surface is colored according to its
electrostatic potential: blue for positive and red for negative charge. The bottom of the cleft is rather negatively charged while the upper surface of the CD domain
is mostly positively charged. The location of the region 1 and 2 is indicated and labeled.
(C) Superposition of the loop between b sheets 4 and 5 showing variable orientation uponUTP association.We superposed themodels of the TUT4/UpU structure
(PDB code: 2Q0G), theMEATwith andwithout UTPbound (PDBcode for theMEAT/UTPmodel: 3HIY) and the RET2 structure. The largemovement of the loop, as
exemplified in the MEAT structure, indicates that the corresponding Cid1 loop is susceptible to reorganization. In particular, Arg139 (or equivalent residues) is
shown to be essential for PUP activity. The color coding is similar to panel A except for the MEAT/UTP complex shown in white.
(D) Poly(U) polymerase assays as described in Figure 2D. The R139A and the Y205A mutants have reduced activity although the mutation should not affect the
UTP binding properties. The K144A mutant displays an almost similar level of activity as the WT enzyme.
(E) The region 2 in our sequence alignment is located above the active site. The same region is involved in the poly(A) stabilization in the scPAP/RNA complex
structure (shown as a cyan cartoon; PDB code: 2Q66) via hydrogen bonds and van der Waals interaction with residues 226 and 227. In the Cid1 structure, these
residues are replaced by Proline and Tyrosine, respectively (shown as green ball-and-stick). Both residues are suitable for interactions with the growing poly(U)
tail. The model of TUT4 (in orange) is shown to highlight the structural differences observed for this particular region between the TUT and the PAP enzymes.
Atoms are shown as spheres, and colored according to their type. Magnesium ions are gray.
(F) Poly(U) polymerase assays as in Figure 2D. The mutation with the lowest activity is the Y205D. In this case, the enzyme is almost inactive clearly suggesting
that region 2 is important for RNA stabilization.
See also Figure S2.
Structure
The Atomic Model of Cid1residue is essential to select/stabilize the RNAprimer (Figure 4D).
Differently from the TUT4 protein, mutation of Lys144 resulted in
a limited decrease of the polymerization level when compared to
the WT enzyme suggesting that the catalytic mechanism of theof the modification. If the hydrophobic character is kept (F332L and to a lower d
(F332D), the activity is almost abolished.
(E) Proposed cycle depicting NTP association and hydrolysis. Association of the tr
and helix 4 rotates locking Phe332. The NRM loop is positioned precisely to s
substrate RNA association and hydrolysis followed by translocation of the newly g
of a new NTP molecule.
Structure 20Cid1 protein can function despite the absence of a stabilizing
partner for Asp160 (Figure 4D).
A second loop, corresponding to residues 202–206, is found
upstream of the conserved Tyr212, on which the UTP moleculeegree F332A), the enzyme is still active. Once a charged residue is introduced
iphosphatemoiety of the NTP induces aCATmovement toward the CDdomain,
elect the uridine Watson-Crick edges. Stabilization of UTP provides time for
enerated RNA-U molecule. A new cycle can then be started by the association
, 977–986, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 983
Structure
The Atomic Model of Cid1stacks (Figure 4E; Region 2 in the Figure 1A). The sequence of
this loop is poorly conserved between the PUP enzymes.
Furthermore, although disordered in the apo RET2 structure,
the same loop is clearly resolved in the RET2/UTP structure
(Deng et al., 2005). In our case, this loop contains a Tyrosine
residue (Tyr205), which may be involved in the stabilization of
bound RNA (Figure 4E). We have also superposed our Cid1
model onto the structures of the poly(A) polymerases (Figure 4E;
Martin et al., 2000; Balbo and Bohm, 2007; Hamill et al., 2010). In
the yeast PAP model, the same loop makes direct contacts with
the short poly(A) stretch in multiple locations (Figures 4C and 4E;
Balbo and Bohm, 2007). The structural similarities observed
between the Cid1 and PAP loops suggest a similar mode of
association between the Cid1 protein and its growing product.
Mutations of Tyr205 into various residues highlight the role of
this residue. It appears that a hydrophobic residue is needed in
this loop to keep Cid1 active (Figures 4D and 4F). If the enzyme
contains a charged residue like an Aspartate, then its ability to
polymerize is significantly decreased (Figure 4F and Figures
S2A and S2B). The decreased activity is observed with three
RNA primers (a 17 nucleotide primer, a 15-mer poly(A) and
a short UpU substrate).
DISCUSSION
The present structure of fission yeast Cid1 protein reveals the
molecular basis for UTP binding by this particular enzyme. The
active site is located at the bottom of the cleft separating the
CAT and CD domains, with the three aspartic acid residues
facing the phosphate b and g of the bound UTP (Figures 2A
and 2B). Stabilization of the UTP is performed by several
H-bonds, principally between Lys193 and 197 and the phos-
phate groups, as well as His336 and Asn171 and the uracil
moiety. Two magnesium ions are found in the pocket; one is
coordinated by the catalytic Asp103 residue and the phos-
phate-bound oxygen atoms and the other positioned above the
uracil base of the UTP, most likely at the position of the RNA
primer. In our structure, a single magnesium ion coordinates
the phosphate oxygens and Aspartate 103 (Figure 2D). A similar
situation was encountered in the RET2 structure although, in
their case, two of the catalytic aspartates were bound to the
magnesium ion (Deng et al., 2005). The absence of the substrate
RNA certainly prevented the stable association of the second
magnesium ion as observed in the ternary structure of the TUT4
enzyme from trypanosome (Stagno et al., 2007a).
A large number of attempts have been carried out to obtain the
structure of Cid1 in complex with other nucleotides, such as
ATP, or with short reaction products such as ApU or UpU. We
obtained numerous crystals from co-crystallization or soaking
procedures and determined these atomic structures by molec-
ular replacement using the model built previously. However,
the subsequent electron density maps did not show additional
densities in the active site regions. The difficulty to obtain a
product-bound form of this enzyme is recurrent in this protein
family. The structure of the yeast poly(A) polymerase could
only be solved in complex with ATP and reaction substrate by
using an inactive protein (Balbo and Bohm, 2007). The structure
of the trypanosomal TUT4 enzyme was solved in complex with
the dinucleotide UpU, mimicking the minimal product of the984 Structure 20, 977–986, June 6, 2012 ª2012 Elsevier Ltd All rightsreaction. In this case, the authors had to use very high concen-
tration of UpU (10 mM) to obtain the co-structure. One reason
for such difficulties may be that the template-independent prop-
erties of these enzymes result in a substrate binding site with
low-affinity. From the electrostatic potential point of view, the
bottom of the cleft is rather negatively charged (Figure 4B) which
disfavors a stable association between the enzyme and its
substrates (RNA primer and NTP molecule). Previous studies
have shown that the TUTase proteins TUT4 and RET1 have an
affinity constant for the UTP compound of 1 and 45 mM respec-
tively (Aphasizheva et al., 2004; Stagno et al., 2007b).
The proposed hinge region between the central and the cata-
lytic domains suggests that the Cid1 protein translocates its RNA
substrate by adjusting the accessibility of the active site-bound
UTP (Figures 3B and 3E). We suggest that Phe332 plays
a critical role in the communication between the CAT domain
closure and the selection of the nucleobase by the NRM loop.
These movements can be observed on their own, as seen in
the apo and UTP-bound RET2 structures, or through a protein
partner. The recruitment of the Zcchc11 protein by the Lin28A
protein could reflect such a need (Hagan et al., 2009). When
compared with the yeast PAP enzyme, the Cid1 protein lacks
the additional domain found above the active site cleft, which
globally reorients after catalysis. The reorganization of the PAP
RNA binding sites is, at least partially, mimicked by movements
of the twoCid1 domains. This conformational flexibility is likely to
dictate the ratio between the processive and the distributive
character of the enzyme. These phenomena are noteworthy to
understand since the length of the poly(U) polymerase-added
poly(U) tail determines the fate of the substrate RNA. With the
help of our atomic model and of our activity assays of mutated
proteins, a more comprehensive analysis of the PUP-dependent
polyuridylation process is achieved.
EXPERIMENTAL PROCEDURES
Expression, Purification, and Mutagenesis
The nucleotide sequence of the Cid1 protein encoding residues 40–377 was
amplified by PCR from Schizosaccharomyces pombe genomic DNA (kindly
provided by M. Bu¨hler, FMI, Basel) and sequenced. The ORF was cloned
into pST18 (derived from pET42) for expression in E. coli as a fusion protein
with N-terminal His9 and MBP tag followed by a TEV cleavage site. The
recombinant protein was overexpressed in Escherichia coli BL21-Star cells,
grown in TB media at 37C for 6 hrs followed by overnight induction at 18C
with 0.1mM isopropyl-b-D-thiogalactopyranoside (IPTG). Induced cells were
harvested by centrifugation, resuspended in buffer A (20mMPhosphate buffer
pH 7.5, 300mM NaCl, 25mM imidazole, 0.1% X-Triton 100, DNase 1 mg/ml,
Lysozyme 1 mg/ml, 5 mM b-mercaptoethanol), supplemented with protease
inhibitors PhenylMethylSulfonyl Fluoride (PMSF) 1mM, leupeptin 1 mg/ml,
and pepstatin 2 mg/ml).
Cells were lysed using an emulsiflex system (AVESTIN) and cleared by
centrifugation at 15,000 rpm for 35 minutes at 4C. The soluble fraction was
subjected to an initial affinity purification using a chelating HiTrap FF crude
column (GE Healthcare) charged with Ni2+ ions. The protein was eluted with
250 mM imidazole and desalted against 20 mM phosphate buffer pH 7.5,
300 mM NaCl, 25 mM imidazole, and 5 mM b-mercaptoethanol. The Tobacco
Etch Virus protease was added at a ratio of 1/50 (TEV-protein solution) and the
reaction was performed at 16C for 10 hours. Cleaved protein was separated
from the tag, the protease and the contaminants by reapplication to the HiTrap
column. After concentration, remaining impurities were removed by gel filtra-
tion chromatography with a Superdex 200 column (GE Healthcare), in a buffer
containing 20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM b-mercaptoethanol,
and 10% (v/v) glycerol. Samples were concentrated (Amicon) to 9.5 mg/mlreserved
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The Atomic Model of Cid1and used immediately or stored at –80C. All protein samples eluted from the
gel filtration column as monomers and were homogeneous when analyzed by
SDS-PAGE.
All Cid1 point mutants were prepared by site-directed mutagenesis using
the Quick-Change mutagenesis kit from Stratagene according to manufac-
turer instructions. Point mutations were verified by DNA sequencing prior to
large-scale expression. The oligonucleotides used for the mutations of the
catalytic Aspartate residues 101 and 103 (called Cid-AMA), the Arginine 139,
the Lysine 144, the Tyrosine 205, the Phenylalanine 332 and the Histidine
336 are shown in Table S1 of supplemental data.
Protein Crystallization and X-Ray Data Collection
Cid1 was crystallized in two steps. Crystals were produced using the
sitting-drop vapor diffusion technique at 18C, with a reservoir solution con-
taining 0.1 M Imidazole/MES (equal ratio) pH 6.1, 12%–20% Glycerol,
6%–10% polyethylene glycol (PEG) 4000 and 90–144mM of a halogen salt
solution (NaI, NaBr, NaF in equal ratio). The protein concentration was
9.5 mg/ml. Due to a high level of nucleation, a ‘‘pseudo-batch’’ procedure
was performed at 18C to obtain diffraction quality crystals. In this case,
crystallization conditions in the drop and in the reservoir were the same. Equal
volumes of the gel filtration buffer and the crystallization condition mentioned
before were mixed in the reservoir. Crystals appeared in two days and grew to
a maximum size of around 0.153 0.153 0.1mm in 1 week. Crystals of Cid1 in
complex with UTP were obtained by soaking native crystals for 14 hours with
2.5 mM of UTP supplemented with 5mM of MgCl2. Crystals were passed into
perfluoropolyether cryo oil (Hampton Research) prior to flash freezing in liquid
nitrogen.
Diffraction data for the UTP-soaked protein crystal were collected at
Beamline ID14-4 at the European Synchrotron Radiation Facility (ESRF,
Grenoble). Diffraction was observed to about 2.3 A˚ resolution. Native crystals
were soaked with numerous heavy metal compounds at a range of concentra-
tions and incubation times. We collected a highly redundant data set from
a crystal soaked for 7 days in the crystallization solution supplemented with
1mM KAuCl4. A single anomalous diffraction (SAD) data set to a resolution
of 2.7–2.8 A˚ was collected at the Beamline PXIII at the Swiss Light-Source
(SLS, Villigen-Paul Scherrer Institute).
Structure Determination and Refinement
The structure of Cid1 was determined by SAD method using the anomalous
signal of the gold atom. Briefly, the data set was indexedwith the XDS package
(Kabsch, 2010). Heavy atom location was performed with the Shelx suite using
data to 3.5A˚ (Sheldrick, 2010). Phasing was done using the SHARP procedure
(Bricogne et al., 2003). Finally, density modification to amaximum resolution of
2.8 A˚ was done with the program SOLOMON (Abrahams and Leslie, 1996),
which allowed unambiguous hand determination and gave a readily interpret-
able electron density map. An initial model was built using the molecular
graphic program coot (Emsley and Cowtan, 2004) and refined with the routine
phenix.refine from the program Phenix (Adams et al., 2010). When more than
90% of the protein chain was included, the model was used for phasing the
data set from the UTP-soaked crystal using the program Phaser from the
CCP4 package (McCoy et al., 2007). The final model was refined to 2.3 A˚
with 99.7% of the residues in the preferred and allowed regions of the
Ramachandran plot.
Poly(U) Polymerase Assays
For each experiment, two quantities of enzymes were used (50 and 150 ng or
2U and 6U for the PUP from NEB). The same protocol was used for the
different proteins (mutants or WT). The various RNA primers were labeled
using the T4 polynucleotide kinase (NEB) and g-32P-ATP according to manu-
facturer’s instructions. Labeled RNA substrate (130 pmole) was incubated
with the respective amount of enzymes in 25 ml of 10mM Tris-Cl, pH 7.9,
50mM NaCl, 10mM MgCl2, 1mM DTT, 0.5mM UTP for 10 min at 30
C. Reac-
tions were stopped with an equal volume of 100mMEDTA and 2% sodium do-
decyl sulfate (SDS). Extended RNA primers were extracted with phenol-chlo-
roform, precipitated with ethanol and resuspended in 90% formamide loading
buffer except for the reactions with the UpU substrate which were directly
inactivated. Products were denatured at 95C and separated by gel electro-
phoresis in a 12% (or 25% for the UpU) polyacrylamide/7M urea gel.Structure 20ACCESSION NUMBERS
Atomic coordinates and structure factors for the Cid1/UTP model have been
deposited in the Protein Data Bank (http://www.pdb.org) with the accession
code 4EP7.
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Supplemental Information includes two figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at
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